1. Introduction {#s0005}
===============

Calculation is a human intellectual ability that includes recognition, computation, solution of numbers, and arithmetical signs. Acalculia, described first by [@b0080], is the pathology of losing the acquired calculating ability, which can exist with or without general intellectual deficits involving aphasia, alexia, agraphia, and visuospatial agnosia ([@b0015], [@b0060], [@b0075], [@b0080], [@b0235], [@b0260]). Many clinical case studies showed that acalculia can occur not only with the occurrence of parieto-occipital lesions in the left hemisphere ([@b0015], [@b0060], [@b0075], [@b0235], [@b0260]) but also with the development of medial frontal and prefrontal lesions in the left hemisphere ([@b0125], [@b0250]). A large number of studies on patients suggest that many brain areas contribute to the calculation processes, but it has been difficult to elucidate which area would play a crucial role in these processes.

Recently, meta-analyses of studies by functional MRI (fMRI) showed the calculation-related areas are located in the parietal, prefrontal, premotor, posterior temporal, and subcortical areas, which differed depending on the calculation tasks ([@b0010]). Previous electroencephalographical studies using an event-related paradigm showed that negative components from 200 to 300 ms or positive slow components from 400 to 800 ms might be associated with the calculation processes ([@b0055], [@b0090], [@b0160], [@b0200]). In addition, the theta activities in the insular cortex; hippocampus cingulate cortex; and superior temporal, superior parietal, and frontal areas (FAs) were enhanced by mental arithmetic-induced workload ([@b0215]). Studies using magnetoencephalography (MEG) revealed that theta bursts appeared in the frontal cortices of both hemispheres ([@b0220]), frontal midline theta was generated in the medial prefrontal and the dorsal anterior cingulate cortices ([@b0100]), and frequency components below 12 Hz in the hippocampus increased during continuous mental calculation ([@b0245]). These previous studies using neuroimaging, EEG, and MEG showed the time course of activation but could not accurately indicate the activated areas.

We elucidated the cortical activation areas and their time course by whole-scalp MEG during the calculation processes. We used simple addition to reduce the retrieval of working memory and adapted an event-related method to evaluate the pure arithmetic process. We hypothesized that if each area related to calculation plays a specific role, the activation timing of sources would be different and source strengths in essential areas would be strong during each processing.

2. Methods {#s0010}
==========

Data acquisition and analysis in this study were performed in the same manner as that in the previous study by the co-author Nishitani ([@b0145]).

2.1. Subjects {#s0015}
-------------

Twelve healthy Japanese volunteers (five males and seven females; ages 23--37 years, mean ± S.D.: 26.0 ± 4.4 years) participated in this study. All subjects were right-handed as assessed by the Edinburgh Inventory ([@b0150]), and their education level was over 16 years. None of them had a previous history of neurological or visual disorders, and they did not know Russian or Greek letters. Informed consent was obtained from each subject after full explanation of the study. This research was performed in accordance with the guidelines of the Committee of Medical Ethics, National Rehabilitation Center for the Disabled.

2.2. Experimental paradigm {#s0020}
--------------------------

The subject was seated in a magnetically shielded room. The head was positioned in a helmet-shaped dewar and tightly attached against its inner vault. The visual stimuli, produced using MultiStimu Software running on a NEC PC-98 computer, consisted of 41 digits (1--49 except 10, 11, 20, 22, 30, 33, 40, and 44), 7 Cyrillic letters (Russian), 2 Greek letters, and 5 meaningless figures composed of Cyrillic or Greek letters. The stimuli were randomly presented in yellow script on a black screen placed 1 m in front of the subject through a projector (VistaGRAPHX2500, ELECTROHOME) that was positioned outside the magnetically shielded room. The size of the projected stimuli on the screen was 4.5 × 6.0 cm (height × width), and the stimuli were presented for 400 ms. The subjects were asked to (*i*) view letters or figures (*figure viewing*), (*ii*) view digits (*digit viewing*), and (*iii*) mentally add the single digits (*calculation*). In *digit viewing*, single and double digits were combined to exclude automatic calculation. During *calculation,* the subjects were instructed to add the second digit (S2) to the first digit (S1) mentally and tell the examiner the result through an interphone after the third stimulus \[S3 ('=')\]. The examiner checked whether each answer was correct. S1 and S2 were different figures or digits in every stimulus epoch in all tasks. Interstimulus intervals S1--S2, S2--S3, and S3--S1 were 1500, 3500, and 2500 ms, respectively ([Fig. 1](#f0005){ref-type="fig"}). During the measurements, the subjects were asked to view the visual stimuli and avoid blinking or body movement as much as possible.Fig. 1Stimulus epoch. The subjects were asked to mentally add the second digit (S2) to the first digit (S1) and tell the result to the examiner just after S3 ('='). S1: the first stimulus, S2: the second stimulus, S3: the third stimulus.

2.3. MEG recordings and data acquisition {#s0025}
----------------------------------------

The magnetic signals of the brain were measured using a helmet-shaped 122-channel neuromagnetometer (Neuromag Ltd., Helsinki, Finland), which employs 61 pairs of orthogonally arranged planar first-order gradiometers ([@b0005]). This device measures the two orthogonal derivatives of the radial magnetic field component and detects the typically largest signal just above the local cerebral current source. The exact head position with respect to the sensor array was measured using head position indicator coils placed on the scalp at three defined sites at the beginning of each session. To allow the alignment of the MEG and magnetic resonance imaging (MRI) coordinate systems, the locations of coils with respect to anatomical landmarks on the head were measured using a three-dimensional (3D) digitizer (Isotrak 3S1002; Polhemns Navigation Sciences, Colchester, VT). Head MRIs were obtained using a 1.5-tesla Siemens Magnetom Plus (Siemens Medical Systems). To monitor eye movements and blinks, bipolar horizontal and vertical electro-oculograms (EOGs) were recorded from electrodes placed below and above the right eye and bilaterally on the outer canthi. The recording bandpass was 0.03--100 Hz for MEG and 0.05--3000 Hz for EOG. The sampling rate for digital conversion was 403 Hz. Epochs containing signals exceeding 1500 fT/cm in MEG or 150 μV in EOG were automatically rejected. Forty artifact-free epochs were recorded for each session. At least two sessions were repeated to confirm the signal reproducibility for each task. The order of the three tasks was counterbalanced across subjects.

2.4. Data analysis {#s0030}
------------------

The MEG waveforms of each subject were digitally low-pass filtered at 20 Hz and high-pass filtered at 0.5 Hz. The signals of each session were averaged time-locked to S2 from 200 ms before to 3000 ms after S2 stimulus with a 200 ms pre-stimulus. Moreover, the waveforms obtained in the two sessions of each task were averaged offline.

To elucidate specific areas of the calculation processes, we analyzed the sources of magnetic fields after S2 according to an approach described previously ([@b0070], [@b0145], [@b0140]). Sources of magnetic fields were modeled as ECDs whose 3D locations, orientations, and current strengths were estimated from the measured signals. A spherical head model was adopted on the basis of the subjects' MRIs ([@b0070]). The ECDs that best explained the most dominant signals were calculated for every 1-ms segment over a time period of 50 ms containing the local maximum signal and determined by a least-squares search based on the data of 16--20 channels at areas including the local maximum signal. We accepted only ECDs accounting for at least 80% of the field variance at the selected periods of time for each subset of channels and with confidence volume of \<1 cm^3^. ECDs with the highest goodness-of-fit (*g*) value and the smallest confidence volume were accepted for further analysis. The analysis periods and channels were extended to the entire measurement time and to all channels by using a multi-dipole model where the strengths of the previously found ECDs were allowed to change as a function of time while their locations and orientations were kept fixed ([@b0070]). The validity of predicted waveforms by the multi-dipole model was evaluated by comparing measured signals with the response predicted by the model using single-space projection ([@b0255]). If signals were left unexplained by the model at any channel, a new ECD was identified on the residual field pattern and re-evaluated for a more accurate estimation of generator areas. The goodness of fit of the model was calculated over all 122 channels and over the entire time period. This approach has been explained in detail by [@b0070] and has been successfully applied in our previous studies ([@b0145], [@b0140]).

Finally, the estimated dipoles were superimposed on the subject's own MRI according to the alignment of the MRI and MEG coordinate systems ([@b0070]). The source locations on the 3D MRI of each subject were transposed onto the Talairach's standard brain space ([@b0240]) with spatial normalization by using the following coordinate system; *x*-axis perpendicular to the other two axes through the anterior commissure, *y*-axis passing through the anterior and posterior commissure, and *z*-axis perpendicular to the *y*-axis through the anterior commissure at the middle plane of the brain ([@b0145]). The *x* (left/right), *y* (anterior/posterior), and *z* (superior/inferior) coordinates were expressed as millimeters from the anterior commissure at the midline of the atlas of the Talairach's standard brain space. Calculation-specific source locations were determined in all subjects, with comparison between source locations during *calculation* and those during *digit viewing*.

2.5. Statistical analysis {#s0035}
-------------------------

The peak latencies and the source strengths were compared with the results of student's unpaired *t*-test between tasks and between locations because the number of sources in the STA was small.

3. Results {#s0040}
==========

3.1. Behavioral performance {#s0045}
---------------------------

All subjects answered correctly, calculating the results with an accuracy of 100% during *calculation*.

3.2. MEG waveforms {#s0050}
------------------

We estimated the reproducibility of the MEG waveforms and analyzed these MEG signals. During the *figure* and *digit viewing* tasks, magnetic responses were observed bilaterally from 102 to 257 ms after the S2 stimulus at the posterior channels. The left column of [Fig. 2](#f0010){ref-type="fig"} shows typical MEG signals at whole channels, time-locked to S2 during the *calculation* task from Subject 1. The superimposed waveforms with MEG signals from the bilateral posterior channels during the *calculation* and *digit viewing* tasks were magnified and are shown in the right column of [Fig. 2](#f0010){ref-type="fig"}. Although both waveforms were congruent from 0 to 250 ms, differences of waveforms between the two tasks appeared during 250--600 ms, with major peaks at 370 and 422 ms ([Fig. 2](#f0010){ref-type="fig"}, right a and b). The waveforms after 1500 ms did not show any peaks during any of the three tasks.Fig. 2Whole-scalp magnetic responses time-locked to S2 during *calculation* from subject 1. Responses of paired coils in 64 sites are shown as the upper and lower trace in each pair, which are the responses along the latitudinal and the longitudinal derivation of the magnetic field perpendicular to the measurement site (left). Responses from the left posterior channel (a) and right posterior channel (b) are magnified in the right column, superimposed with responses to c*alculation* and *digit viewing* (right).

3.3. Source distributions {#s0055}
-------------------------

The 3D source locations of each subject were projected onto a schematic brain according to [@b0240] ([Fig. 3](#f0015){ref-type="fig"}). There was interindividual difference in the number of dipoles. During the *figure viewing* task, the ECDs were obtained in the occipital and inferoposterior temporal areas (ITA) of each hemisphere and the left middle temporal area (MTA). Other sources were found in the dorsolateral FA and the precentral areas of each hemisphere, the postcentral area of the left hemisphere, and in the right parietal area ([Fig.3](#f0015){ref-type="fig"}a). During the *digit viewing* task, additional ECDs were observed in the right MTA ([Fig.3](#f0015){ref-type="fig"}b). During the *calculation* task, ECD in the occipital area was located first, followed by ECDs in the ITA, the superior temporal area (STA) of each hemisphere, and MTA in the left hemisphere during 250 ms after the stimulus onset ([Fig.3](#f0015){ref-type="fig"}C, gray circle). The order of ECDs after 250 ms depended on the subject ([Fig.3](#f0015){ref-type="fig"}C, red circle). [Fig. 4](#f0020){ref-type="fig"} shows the MEG signals, isocontour maps, and the ECD locations in the inferior parietal area (IPA) of each hemisphere from subject 2 superimposed on his own MRI during *calculation*. [Table 1](#t0005){ref-type="table"} and red circles in [Fig.3](#f0015){ref-type="fig"}C show the calculation-related ECD locations and their peak latencies in the bilateral IPA, STA, and FA compared with those observed during *digit viewing* in all subjects.Fig. 3Source locations for magnetic responses from all subjects during (a) the *figure viewing* task, (b) *digit viewing* task, and (c) *calculation* task on a schematic brain according to [@b0240]. Red circles in the *calculation* task (C) were calculation-related source locations. The source locations on the 3D MRI of each subject were projected onto the schematic brain. The numbers indicate the peak latencies (ms) of the activations. Interindividual difference was observed in the number of dipoles. Each black circle indicates the assumed dipole location during each task from all subjects.Fig. 4Top: Magnetic responses from the left and right middle channels of subject 2 during *calculation*. Middle: Magnetic field patterns of the responses peaks during *calculation*. The sensor array is viewed from the right and left. The arrows indicate the dipoles. The isocontours are separated by 15 fT. The areas with red lines indicate magnetic flux emerging from the head, and the areas with blue lines indicate the flux into the head. Bottom: The locations in the inferior parietal area of each hemisphere of one subject during *calculation*, superimposed on the subject's own 3D MRI. Left and right figures show the brain surface viewed from the left and right sides, respectively.Table 1Calculation-related equivalent current dipole locations and their peak latencies.Left hemisphereRight hemisphereIPASTAIFAIPASTAIFAPeak latency (ms) Subject 1262.7------497.7-- 2328.8----498.1---- 3381.1----525.1---- 4--335.2----467.0-- 5315.8----325.4--289.2 6----291.5450.4--317.0 7256.5------439.2-- 8--385.2-------- 9276.3385.4----556.7-- 10291.8---------- 11295.5----297.2---- 12--------455.2--ECD locations in Talairach coordinates (mean ± SEM; cm) *x*−51.3 ± 7.8−54.9 ± 6.0−57.044.6 ± 4.957.6 ± 7.154.5 ± 2.1 *y*−37.1 ± 13.5−14.6 ± 5.014.8−41.8 ± 9.4−21.3 ± 6.315.5 ± 1.5 *z*32.2 ± 12.01.6 ± 7.817.039.1 ± 10.46.5 ± 4.116.0 ± 3.1Brodmann's Area402244402244[^1][^2]

[Fig. 5](#f0025){ref-type="fig"} (top) shows the peak latencies of source waveforms in the IPA and STA of each hemisphere during three tasks. The activation timing of the left STA during the *calculation* task was significantly longer than that during the *figure* or *digit viewing* task (*p* \< 0.005). During the *calculation* task, the mean peak latency of the ECD was first in the left IPA (301 ms after the stimulus onset), followed by those in the left STA (369 ms), the right IPA (419 ms), and the right STA (483 ms). The left IPA activation was significantly earlier than that of the right IPA (*p* \< 0.05). However, peak latencies of the right IPA and the right STA were not statistically significantly different.Fig. 5Mean ( + S.E.) peak latencies of source waveforms (top) and source strengths (bottom) in the IPA and STA of both hemispheres in the three tasks. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.005, ^\*\*\*\*^*p* \< 0.001, IPA; the inferior parietal area, STA; the superior temporal area.

[Fig. 5](#f0025){ref-type="fig"} (bottom) shows the source strengths of four areas during the three tasks. During the *calculation* task, the activation tended to be stronger in the left than in the right hemisphere. The left STA during the *calculation* task was activated most strongly among all areas and all tasks; the activation was significantly stronger than those of the right STA and the right IPA during the *calculation* task (*p* \< 0.05) and in the left STA during the *figure viewing* task (*p* \< 0.05). The source strengths of the right hemisphere did not differ among the tasks.

4. Discussion {#s0060}
=============

Our study showed two prominent aspects without any subtraction between the tasks, unlike previous neuroimaging studies. First, ECDs in the IPA and STA of each hemisphere were obtained during simple addition, with the strong activations in the left IPA and STA. Second, the cortical activations during the simple addition process were elucidated with high temporal resolution.

4.1 Figure viewing and digit viewing {#s0065}
------------------------------------

During the *figure* and *digit viewing* tasks, activations in the occipital area and the ITA of each hemisphere were obtained in most subjects and the MTA and left STA in several subjects. Activations in the occipital area, ITAs, and MTA during the *figure* and *digit viewing* tasks indicated the perception of the visual form of both meaningful and meaningless letters. [@b0165] showed that the bilateral occipito-parietal areas are activated in the recognition processing of Arabic digits. Activation in the MTA was observed in a larger number of subjects during the *digit viewing* task than during the *figure viewing* task. This difference could be related to the ability to recognize the stimuli: digits are easily understood and read by the subjects, but figures composed of Russian or Greek letters are not. Activations in the left STA and MTA during the *digit viewing* task suggest that the subjects recognize Arabic numbers not only as symbols but also meaningful letters and read or silently repeat the numbers ([@b0035], [@b0085], [@b0105], [@b0155], [@b0170]). Activation in the left STA during the *figure viewing* task suggests the analysis of detailed properties of meaningless figures ([@b0185]).

4.2. Calculation {#s0070}
----------------

The difference of waveforms between the *calculation* and the *digit viewing* tasks from 250 to 800 ms after the S2 onset was observed. This finding suggests that mental addition proceeds after the recognition of digits and silent reading processes during the *digit viewing* task, because the response time for answers in a simple addition task was 800--1000 ms ([@b0115], [@b0135]). This result was in line with those of the previous ERP studies ([@b0055]).

4.3. Function associated with the left IPA and STA {#s0075}
--------------------------------------------------

The time course of the left STA and left IPA activations was in the order of the left STA in the *digit viewing* task, the IPA in the *calculation* task, and then the left STA in the *calculation* task ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). The strong activations in the left IPA and left STA, which anatomically corresponded to Brodmann's area (BA) 40 and 22, were observed during the *calculation* task*.* Eight of 12 subjects showed activations in the left IPA, which were clarified in the previous imaging studies ([@b0010], [@b0035], [@b0040], [@b0095], [@b0110], [@b0115], [@b0165], [@b0205], [@b0230], [@b0265]). Lesion in the left IPA shows isolated acalculia ([@b0130], [@b0235], [@b0260]). Two of four subjects, whose ECDs were not clarified in the left IPA, had activations in the left STA, and one of them showed activations in the FA. This result suggests that calculation strategies differ among subjects. The calculation process was not evoked in some subjects, because the simple adding task did not demand enough quality of calculation for them. Instead, the left STA and FA were activated for managing the calculation process. The current model of arithmetic processes assumes that healthy adults solve digit addition problems by not using an actual computation strategy but by retrieving the answer from stored declarative memories ([@b0025]). Three subjects showed activations in the left STA (BA 22). The different activation timing in the left STA between the *digit viewing* and *calculation* tasks ([Fig. 5](#f0025){ref-type="fig"} top) suggests that the left STA contributes to the early and late processing steps of mental calculation. The strongest activation in the left STA during the *calculation* task implies the possibility that some subjects deal with arithmetic operation by using encoded short sentences in verbal semantic memory (e.g., two added to three equals five). This implication was supported by the Dehaene and Cohen' s model according to which arithmetic processes are transformed into a phonological code and accessed from a phonological store ([@b0045]). The left STA, therefore, plays a role not only in the comprehension of digit stimuli but also in arithmetic operation during simple calculation. This suggestion is in line with results of the previous study showing a linear rCBF increase in the left STA from fixation to reading and from reading to calculation ([@b0210]). Our results suggested comprehension of digit in the left STA, execution of calculation in the left IPA, and arithmetic operation (silent reading of calculating results) in the left STA.

4.4. Function associated with the right IPA and STA {#s0080}
---------------------------------------------------

The right IPA (BA 40) and STA (BA 22) were activated during *calculation* in our study. Previous neuroimaging studies using fMRI showed the activation of the right IPA ([@b0010], [@b0030], [@b0120]) but not of the right STA. The fMRI studies with subtraction of activation during the control condition from that during the calculation condition may nullify the activation in the STA. Previous studies indicated that the activation of the right STA had a relationship with word repetition and various aspects of semantics and reflected a component of the response to correct matching ([@b0035], [@b0085], [@b0195], [@b0225]).

The time courses of the right IPA and STA activations were in line with the results of a previous study, indicating that the right IPA and STA play roles in the phonemic and graphemic audiovisual integration of letters ([@b0175]). In our study, there were no significant differences of the source strengths and latencies of the right IPA between during the *digit viewing* and the *calculation* tasks. Previous studies with neuroimaging on mental calculation and number processing showed that the right parietal region was not specific to mental calculation ([@b0065]). Our results suggest that the right IPA and STA are associated with the recognition process of the calculated results rather than with the essential calculation.

4.5. Frontal activations {#s0085}
------------------------

Frontal activations during the *calculation* task involved the verbal working memory, which distributes as an executive front-parietal network of the left hemisphere ([@b0010], [@b0020], [@b0030], [@b0035], [@b0055], [@b0065], [@b0135], [@b0165], [@b0180], [@b0190], [@b0205], [@b0210]). In the present study, because subjects were requested to add single-digit figures, they may not be required to do a complex processing such as a working memory. However, a few subjects showed activation in the FA. The fMRI study also showed activations in the left inferior frontal (BA 44/45) and parietal regions during the single-addition condition ([@b0115]). [@b0050], [@b0055] reported left-lateralized activations in the inferior frontal lobe and the angular gyrus during exact addition relative to approximation, and they concluded that exact arithmetic was acquired in a language-specific format and that it recruits networks involved in the left inferior frontal circuit in the word association processes. The fMRI study also showed the recruitment of the bilateral fronto-parietal network during the calculation task ([@b0265]). The frontal activation in our study suggested that subjects used verbal rehearsal strategies and linguistic representation for retrieving arithmetic facts.

4.6. Clinical relevance {#s0090}
-----------------------

We showed the process of simple digit addition in normal subjects. First, visual digit stimuli are comprehended in the occipital area and the ITA of both hemispheres. Second, Arabic numbers are transformed into semantic letters by silent reading in the STA of the left hemisphere; the essential calculation is then executed in mainly the left IPA or the arithmetic operation in the STA. Finally, the recognition of calculated results involves the right IPA and STA. These brain regions and their networks are involved in the calculation process. In addition, which brain regions are used during calculation depends on the difficulty of calculation task itself. A complex arithmetic calculation requires the working memory manipulation systems, which are the left inferior fronto-temporal network involved in the retrieval and the fronto-parietal network for attentional and spatial processes ([@b0010], [@b0020], [@b0030], [@b0035], [@b0055], [@b0065], [@b0135], [@b0165], [@b0180], [@b0190], [@b0205], [@b0210], [@b0265]). Previous clinical reports showed that patients with acalculia were characterized by many lesions such as the parieto-occipital, medial frontal, and prefrontal lesions in the left hemisphere ([@b0015], [@b0060], [@b0075], [@b0235], [@b0260], [@b0125], [@b0250]). The results of our present study and those of the previous imaging studies of arithmetic calculation in normal subjects will be useful to evaluate the lesion of a patient with acalculia in clinical practice.

5. Conclusion {#s0095}
=============

In this study, we elucidated active cortical areas and their time courses during simple calculation by using MEG. The simple digit addition is processed as follows: first, the comprehension of digit stimuli and the transformation of Arabic numbers into semantic letters by silent reading in the STA of the left hemisphere; second, the essential calculation executed in the left IPA or the arithmetic operation in the STA; and finally, the recognition process of the calculated results in the right IPA and STA.
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[^1]: IPA: inferior parietal area; STA: superior temporal area; IFA: inferior frontal area; --: ECD was not determined.

[^2]: Coordinates *x* (positive to right), *y* (positive to anterior), *and z* (positive to upward) are from the point of origin situated at the anterior commissure.
